The measurement of ventricular end-diastolic volume from washout of an indicator requiring blood sampling was studied in a heart model and in dogs and applied to the left ventricle in 34 human subjects. 
tions. However, when a preliminary report of the present investigation' was submitted, measurements of ventricular volume in man, using indicator dilution, were limited to three studies involving the right ventricle [2] [3] [4] and one study of left ventricular dimensions. 5 This paucity of measurements was due, in part, to doubts about ventricular mixing but, of more importance, to a lack of confidence in the fidelity of techniques which require catheter sampling. The latter consideration has led to the use of indicators detectable with intravascular sensors, such as heat6 7 and ascorbate. However, although these indicators have advantages specific to ventricular volume measurement (rapid response time and limited recirculation), neither is an ideal intravascular indicator, since ascorbate is metabolically active and heat may exchange with chamber and vessel walls.9 Therefore, in our studies of circulatory volumes, previous aspects of which have been reported elsewhere,10' 11 we elected to attempt left ventricular volume measurements using a conventional optical indicator which, because it is easily quantified and truly intravascular, is applicable to all flow and volume measurements based on the indicator-dilution principle.
The present study was undertaken to determine whether measurements of left ventricular volume, using such an indicator, were valid, reliable, and feasible in man and, if so, to offer values in normal human subjects for comparison with results by angiocardiography, radiocardiography, and thermal dilution.
Methods
Experiments were performed first in a model to determine the sampling conditions which would permit valid measurement of known volumes. The model was identical with that used in previous studies from this laboratory,12 except that, to ensure mixing, the ventricle contained an iron bar which was agitated by a rotating magnet. Indocyanine-green dye was introduced into the ventricle during diastole, and dilution curves were sampled through a needle positioned just distal to the aortic valve and connected to the cuvette of a Gilford densitometer. To express the sampling system characteristics, we used the idea, suggested by Sherman and associates,14 of a figure of merit representing the number of beats elapsing during the time required to clear the system. This number may be calculated as (V x R) / Q where V is the volume of the sampling system, R the pulse rate, and Q the sampling rate. It will be evident that response time is a function of V and Q while figure of merit is a function both of response time and of the frequency of the phenomenon to be measured. Figure 1 illustrates FIGURE OF MERIT 0.09 beats CALCULATED EDV z 7.0 ml. Studies were then performed in dogs to ascertain whether mixing and the fraction of EDV ejected per beat were sufficiently constant to permit reproducible measurements in the living heart. In mongrel dogs, anesthetized with intravenous pentobarbital (25 mg/kg of body weight) or with intraperitoneal morphine sulfate (3 mg/kg) followed by intravenous chloralose (10 mg/kg), 6F NIH catheters, 50 cm long, were inserted through the brachiocephalic trunks into the left ventricular apex and the aortic root just distal to the valve. Sudden injections of indocyanine-green dye were made into the left ventricle, and blood was sampled from the aorta through the densitometer by means of Harvard pumps at rates up to 150 ml/min. The sampling system volume, including the densitometer cuvette, was 0.9 ml, and the 90% response times of the sampling system ranged from 0.45 to 0.60 second. For some of the measurements, the time constant of the Gilford densitometer was shortened and the corresponding 90% response times diminished to 0.23 to 0.3 second. The use of different anesthetic schedules perinitted measurements to be made at heart rates ranging from 30 beats/min, corresponding to the pulse rate of the hydraulic model, to 172 beats/min, representing a significantly higher r-ate than is seen in exercising human subjects. The results of the stuidy (reprodutcibility of measuiremenits aniId differenecs amon1g variotus sllbgrouolps) were evaluated usinig conventional statistics for small samples.
Results
The methodological data are illustrated in figuire 5, wvhich shows culrves from three patients with figures of merit of 1.1 to 1.3. The steps are shallower than in the hydraulic model, reflecting principally the fact that the ratio of systolic to diastolic durations in the model was considerably lower than in man. However, in no instance in the huiman studies was there diffictulty in discerning the exponenitial fall in diastolic concentration. Reproducibility of measuirements of ejection fraction wvas excellent, the mean coefficient of Figure 5 Left centricnladr wcashouit carlvees r'ecorcldedl in hlumZJlan beinlgs. In mitral stenosis and atrial septal defect. end-systolic volume and heai-t rate did not differ from normal, but output, stroke volume, ejection fraction, and EDV were appreciably and significantly below the values obtained in both the normal volunteers and the expanded normal group (normal volunteers plus chronic pulmonary disease). These hemodynamic differences are not attributable to age differences since the mean age of the mitral and septal defect patients approximates that of the expanded normal group and comparison of subgroups of age-matched patients yielded the same results. Moreover, the mean outputs in both patient groups were significantly below those reported for groups of normal subjects with a comparable mearn age.'-The differences were not due to abnormal rhythms since the patients with mitral stenosis and atrial fibrillation were not distinguishable from those with sinus rhythm and the septal defect patients all had regular rhythms.
There was no significant correlation, for individual groups or for the entire series, between EDV and end-diastolic pressure (r 0.308, P> 0.05 for the entire series and r < 0.3 for all individual subgroups). There was also no correlation between EDV and cardiac output for the normal subjects, with or without the inclusion of the older subjects with chronic pulmonary disease (r=0.198, P >0.4), but a good correlation between these variables for the patients with mitral stenosis or atrial septal defect (r =0.752, P < 0.01). In contrast, all groups exhibited a significant correlation (P < 0.01) between EDV and stroke volume: r=0.769 for the normal subjects, 0.761 for the patients with mitral stenosis or atrial septal defect, and 0.724 for the entire series ( fig. 6 ). These results demonstrate the intimate relationship between EDV and stroke volume and suggest that chronic impairment in ventricular filling results in diminished ventricular volume.
Discussion
The results of this study pOrmit the following conclusions: (1) Under the ideal conditions of the hydraulic model, in which pulse rate and ejection fraction are fixed, and mixing is complete or nearly so, dye dilution yields accurate measurements of chamber volumes, provided that the distorting effects of catheter sampling are obviated by sufficiently rapid clearance of the sampling system; (2) the sampling conditions required are achievable in man; and (3) Wilcken' s study because of the small number of subjects and in Gorlin's study because of the large variance in the mitral stenosis group which included patients with widely disparate degrees of severity. Certainly, of the possible interpretations for the correlation between systemic flow and EDV, the most conservative interpretation, since no such correlation was found in normal subjects, would seem to be that chronic restriction to venous return imposes a restriction on diastolic volume. An alteration in ventricular filling probably also underlies the diminished volume found in atrial septal defect. The number of patients with this lesion in prior studies is too small to provide either confirmation or dispute.
In previous studies, stroke volume has beein shown by Milnor and his associates39 to be related to pulmonary (or interventricular) volume and by ourselves to both the total cardiopulmonary blood volume" and its interventricular compartment.10 A weaker relationship also existed between volume and cardiac output in Milnor's report, but this relationship was equivocal in our study of interventricular volume and absent in our study of total cardiopulmonary volume. The present study confirms the previous conclusion Circulation, Volure XXXV. June 1967 that it is to the stroke volume in particular that the cardiopulmonary volume and its components are related. It is reasonable to infer that the primary relationship is between stroke volume and EDV, the relationship between interventricular and stroke volumes resulting from the fact that, with most physiological adjustments, the interventricular and ventricular volumes vary together, as we have shown to be the case for hemorrhage. 40 The absence of a correlation between EDV and end-diastolic pressure has been noted by previous workers whose material consisted chiefly or exclusively of patients with heart disease." 7 41 It is evident that considerable subject-to-subject variation in ventricular compliance exists in both the normal and diseased left ventricle. For the diseased ventricle, this conclusion necessitates a reappraisal of the interpretation of end-diastolic pressure in the diagnosis of ventricular failure.42 For all ventricles this conclusion indicates that end-diastolic pressure is not a valid index of enddiastolic fiber length and is of limited value as an index of end-diastolic tension, the preload to ventricular contraction.
